**Core tip:** Liver regeneration capacity has been studied in different animal models of non-alcoholic steatohepatitis. This study is the first to use a high fat high cholesterol model which mimic the pathogenesis of human non-alcoholic steatohepatitis better than previous animal models. Liver regeneration capacity was evaluated using: (1) The total number of Ki-67 positive hepatocytes in the caudate lobe, evaluated in a stereology based design; (2) the regenerated protein content to describe the regenerated liver mass; and (3) the plasma concentration of coagulation factors as a marker of liver function. We found a preserved liver regeneration capacity in rats with non-alcoholic steatohepatitis, adding important knowledge to the subject.

INTRODUCTION
============

The incidence of obesity and non-alcoholic fatty liver disease (NAFLD) is increasing worldwide, affecting approximately one-third of the general population\[[@B1]\]. Patients with NAFLD and especially non-alcoholic steatohepatitis (NASH) have a higher risk of developing primary hepatocellular carcinoma (HCC)\[[@B2]\]. Further, they have an increased risk of other cancers, for example colorectal carcinoma\[[@B3]\], which often metastasize to the liver\[[@B4]\]. Surgical resection of the liver tumor remains the gold standard treatment for both HCC and liver metastases from colorectal cancer\[[@B5]\]. Epidemiological studies have shown that liver resection is associated with increased morbidity and mortality in patients with NAFLD following liver resections\[[@B6]\]. It has been proposed that NASH livers are more vulnerable to surgical interventions because of decreased liver regeneration capacity (LRC)\[[@B7]\].

Previously, LRC has been studied in various rodent models of NAFLD/NASH generally based on the use of the methionine-choline deficiency diet (MCD)\[[@B7]-[@B12]\], choline deficiency diet (CDD)\[[@B13]-[@B16]\], simple high-fat diets (HFD)\[[@B17],[@B18]\] and the genetic leptin-deficiency model\[[@B19]-[@B25]\]. These are widely accepted models of NAFLD/NASH, yet the animals lack many of the clinical and/or histopathological features related to human NAFLD/NASH. These previous studies of LRC have reported conflicting results, even when the same dietary models were used. In the MCD\[[@B7]-[@B12]\], CDD\[[@B13]-[@B16]\], HFD\[[@B17],[@B18]\] and a high-fat model combined with fructose\[[@B26]\], decreased\[[@B9]-[@B14],[@B18],[@B26]\] as well as normal liver regeneration\[[@B7],[@B8],[@B15]-[@B17]\] have been demonstrated. Our group has previously studied a high-fat, high-cholesterol diet (HFCD) rat model\[[@B27],[@B28]\] with features that closely resemble human NASH\[[@B29]\]. To our knowledge, HFCD models have never been used to study the LRC experimentally.

We studied partially hepatectomized, HFCD-fed rats, hypothesizing that rats with HFCD-induced NASH would have decreased LRC, as well as lower expression of genes related to regeneration. LRC was evaluated using: (1) The total number of Ki-67 positive hepatocytes N(Ki-67, liver) evaluated in a stereology-based design; (2) the regenerated protein ratio (RPR); and (3) plasma concentration of coagulation factors II, VII, X, prothrombin-proconvertin ratio (PP) before, and 2 or 5 d after hepatectomy.

MATERIALS AND METHODS
=====================

Animals
-------

In total, 54 female Wistar rats (body weight 201-237 g; Taconic M and B, Ejby, Denmark) were housed at 21 °C ± 2 °C with a 12-h artificial light cycle. Three animals were housed in each cage with free access to tap water. All animals were allowed to acclimatize on a standard diet (STD) for a week followed by randomization and allocation. Then, half of the rats were fed STD and the other half HFCD ad libitum for 16 wk (Figure [1](#F1){ref-type="fig"}). Diets were obtained from Research Diets (NJ, United States). The STD (D14071501) consisted of the following energy sources: carbohydrates 67 g (70 kcal/100 kcal), fat 4 g (10 kcal/100 kcal), and protein 19 g (20 kcal/100 kcal) per 100 g diet. The HFCD (D14071502) consisted of carbohydrates 19 g (15 kcal/100 kcal), protein 27 g (20 kcal/100 kcal), 1 g cholesterol and fat 39 g (65 kcal/100 kcal) per 100 g diet, including 1% cholesterol and 0.25% cholate.

![Overview of the groups, 9 animals in each group. PH-2: Partial hepatectomy and 2 d; PH-5: Partial hepatectomy and 5 d.](WJH-10-8-g001){#F1}

The study was performed in accordance with local and national guidelines for animal welfare and approved by the Animal Experiments Inspectorate (2014-15-2934-00997).

Design
------

After 16 wk, both STD and HFCD rats were randomly divided into the following groups of nine rats (Figure [1](#F1){ref-type="fig"}): (1) No hepatectomy before sacrifice (NH); (2) partial hepatectomy (PH), sacrificed two days post-surgery (PH-2); (3) partial hepatectomy, sacrificed five days post-surgery (PH-5).

The non-hepatectomized NH rats served as a "baseline" reference. The PH-2 and PH-5 animals underwent a partial hepatectomy as previously described\[[@B30]\]. Briefly, the abdominal cavity was opened with a longitudinal incision in the linea alba. The left lateral and median lobes were mobilized and ligated followed by a resection, resulting in a 70% reduction of the liver tissue. The abdominal wall was closed with a continuous 4.0 absorbent suture and the skin was closed with staples. The resected liver tissue was weighed after removal. To ensure minimal post-operative pain, Carprofen 5 mg/kg (Rimadyl; Pfizer Animal Health, Exton, United States) was administered prior to the surgical procedure and two days after hepatectomy. Following hepatectomy, rats were fed their initial diet (STD or HFCD) until euthanisation.

At euthanisation the animals were anesthetized with a subcutaneous injection of fentanyl/fluanisone 0.5 mL/kg (Hypnorm; Jansen Pharma, Denmark) and midazolam 2.5 mg/kg (Dormicum; La Roche, Switzerland) and body weights were registered. Blood samples were collected through the retrobulbar venous plexus. Blood for analysis of prothrombin-proconvertin ratio (PP) were collected through the vena cava caudalis. The liver was removed en bloc and weighed. Liver tissue was collected from the right liver lobe and immediately snap-frozen in liquid nitrogen and stored at 80 °C until use. The caudate liver lobe was immersion fixed in phosphate-buffered 4% formaldehyde for a total of 48 h before paraffin embedding. Prior to embedding, and 24 h into the fixation, the lobe was cut with a special designed razor tool to create 2.15 mm thick slabs of liver tissue. The tissue slabs were then put back in the grid in correct order, all facing the same way for stereological examination. The caudate lobe was used for the histological evaluation and the stereological Ki-67 evaluation. Euthanasia was then achieved by cervical dislocation. Euthanisation was carried out between 8 am and 13 pm.

Histology
---------

All samples were stained with hematoxylin and eosin (HE) and Masson-trichrome (MT), using standard protocols. The degree of steatosis and the presence of NASH were evaluated by an expert liver pathologist using both the Kleiner and Bedossa criteria\[[@B31],[@B32]\] examining 5 medium-power fields (20 x objective). Steatosis was classified as either: large droplet macrovesicular steatosis (LDMS), small droplet macrovesicular steatosis (SDMS), mixed small and large macrovesicular steatosis (MXMS) or microvesicular steatosis (MVS).

Stereological quantitation
--------------------------

**Ki-67 positive hepatocytes:** We quantified the total number of Ki-67 positive hepatocytes using a stereological-based design. The paraffin embedded caudate lobes were cut in 3 μm thick slides and immunohistochemically stained with the anti-Ki-67 antibody (clone MIB-5, isotype IgG1; Dako, Denmark) using a standard (in-house) protocol. All Ki-67 stained slides were scanned as virtual images using an Olympus VS 120 slide scanner with a 20x oil lens (numerical aperture 0.85).

The image files were transferred to the newCAST software version 5.2.1 (Visiopharm, Denmark) for quantification, performed as previous described\[[@B30]\]. Briefly, the examiner was blinded to all slides. The software was then set up to perform systematic uniform and random sampling (SURS) of fields of view, an unbiased sampling method. An average of 60 fields was used per slide. A 2D unbiased counting frame for counting cell profiles per area covering 50% of the field of view was used when few positive hepatocyte profiles were visible; when many profiles were visible, a counting frame of 10% was used. Positive Ki-67-stained hepatocyte profiles were defined as a large (approximately 8 μm in diameter) oval cells with an obviously stained border and visible nucleus (Supplementary Figures 1-3).

To calculate the number of Ki-67 positive hepatocyte cell profiles per area the following formula was used:

Q~A~(Ki-67/lobe) = \[ΣQ(Ki-67)\]/\[A(frame)•P(lobe)\]

Q~A~(Ki-67) is the number of Ki-67 positive hepatocyte cell profiles per mm^2^ lobe, A(frame) is the area of the counting frame, and P(lobe) is the number of test points-a maximum of two per counting frame. Counted if the lower left or upper right corner is hitting lobe tissue.

**Total number of Ki-67 positive hepatocytes in the caudate lobe:** To account for the larger cell size of the HFCD livers the total number of Ki-67 positive hepatocytes in the caudate lobe, N(Ki-67, lobe), was estimated.

First, the number of Ki-67 positive hepatocytes per volume liver lobe was calculated; SURS was set up, and approximately 30 positive hepatocyte cell profiles were sampled and the diameter measured at 20 x magnification. The diameter was defined as the length of diameter perpendicular to the longest axis of the cell (Supplementary Figure 4). This was used in the following formula\[[@B33]\]:

N~V~(Ki-67/lobe) = \[Q~A~(Ki-67/lobe)\]/\[D(cell) + *t*(section)\]

N~v~ is the number of Ki-67 positive hepatocytes per mm^3^ lobe, Q~A~(Ki-67/lobe) is the number of Ki-67 positive cell profiles per mm^2^ lobe, D(cell) is average diameter of the counted cells, *t*(section) is the thickness of the tissue sections (3 μm).

This is a model-based approach for number estimation biased by tissue shrinkage, projection effects, and deviations from model assumptions.

N(Ki-67, lobe) was then estimated; the volume of the caudate lobe was estimated based on the weight and the density of the rat liver. The density of the liver was set to 1.05 g/cm^3\[34\]^ and used in the following formula:

N(Ki-67,lobe) = N~V~(Ki-67/lobe)•V(lobe)

N(Ki-67, lobe) is the total number of Ki-67 positive hepatocytes in the caudate lobe, N~V~(Ki-67/lobe) is the number of Ki-67 positive hepatocyte profiles per volume lobe, V(lobe) is total volume of the caudate lobe.

**Hepatic regeneration ratio**: The hepatic regeneration ratio (HRR) was calculated for each animal, and defined as:

Math [1](#M1){ref-type="fig"}
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^1^Preoperative projected liver weight: Weight of resected liver at hepatectomy/0.7

**Net regeneration:** We calculated the net regeneration (NET), defined as:

Math [2](#M2){ref-type="fig"}
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Liver tissue analysis
---------------------

**Total protein analysis:** The Pierce™ BCA total protein assay kit (Thermo Fisher Scientific, IL, United States) was used to measure the amount of total protein in the liver tissue. Prior to the total protein measurement, the tissue was homogenized in a lysis buffer as previously described\[[@B35]\], only, mortar and pestle was used in this study. The total concentration of protein was multiplied by the weight of the whole liver at euthanisation to determine the absolute amount of protein in the whole liver.

**Regenerated protein ratio:** The regenerated protein ratio (RPR) was calculated as follows:

Math [3](#M3){ref-type="fig"}
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RNA isolation and reverse transcription
---------------------------------------

We used a guanidinium thiocyanate-phenol-chloroform extraction protocol for RNA isolation as previously described\[[@B36]\]. The final RNA concentration was determined using a NanoDrop™ 2000 Spectrometer (Thermo Fisher Scientific). RNA concentrations were normalized to 1000 ng/μL and cDNA synthesized with High-Capacity RNA-to-cDNA™ Kit (Thermo Fisher Scientific) on a polymerase chain reaction (PCR) Express Thermal Cycler (Thermo Hybaid, DE, United States), according to manufacturer's protocol.

Reverse transcriptase quantitative PCR (qPCR) was run on a 96-well StepOnePlus^TM^ Real-Time PCR System Thermal Cycling Block (Thermo Fischer) using TaqMan Gene Expression Assays (Thermo Fisher Scientific). All assays contained the FAM dye. Samples were duplicated and we measured the mean cycle threshold (Ct) for each gene and standardized it to reference gene glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Data was analyzed using the ΔΔ-Ct method as described by Livak et al\[[@B37]\]. The STD NH-group was set as a reference group with a fold change of 1 and the relative expressional levels were compared with this group for each gene. Selected genes are displayed in Supplementary Table 1.

Blood analysis
--------------

Routine analysis and PP measurements were performed at the Department of Clinical Biochemistry, Aarhus University Hospital, on the day of euthanisation. Plasma samples were analyzed for alanine transaminase (ALT), bilirubin and albumin on a Cobas 6000 (Roche Diagnostics, Basel, Switzerland), using a routine protocol. PP was analyzed on a CS 2100i instrument (Sysmex, Siemens Siemens Healthcare). The remaining plasma and serum samples were stored at 80 °C until analysis. Serum samples were evaluated for the rat acute phase protein alfa-2-macroglobulin (α2M), by ELISA (Immunology Consultants Laboratory, OR, United States).

Statistical analysis
--------------------

Statistical analyses were performed using STATA 11.0, graphs were drawn in Excel 14.4.1. Normality of data was checked by qq-plots. For continuous variables, comparisons were made using the ANOVA test for significance. *Post-hoc* comparisons were performed by Student's *t*-test. Categorical data were analyzed using Fisher's exact test. The qPCR data exhibited skewed distributions with variance heterogeneity. Therefore, these data were analysed using the nonparametric Kruskal-Wallis one-way analysis of variance on ranks test; when significant, post-hoc tests were performed using the Mann-Whitney rank sum test. Variables are expressed as means (± SD). Significance level was set at *P* \< 0.05.

RESULTS
=======

Animal characteristics
----------------------

One HFCD animal died during surgery and one STD animal died of internal bleeding due to insufficent ligature of the right median lobe at day one after hepatectomy. Thus, none of the animals died from liver insufficiency or failure. At baseline, HFCD liver weight increased 2-fold compared with STD liver. HFCD animals had a significantly higher liver weight at all times (*P* \< 0.001, Table [1](#T1){ref-type="table"}).

###### 

Biochemistry and measurements

                                          **Standard diet**   **High fat high cholesterol diet**                                                                                                              
  --------------------------------------- ------------------- ------------------------------------ ------------- --------------------------------------------- ---------------------------------------------- ---------------------------------------------
  Weight at euthanisation, g              294 ± 22            289 ± 18                             305 ± 12      289 ± 21                                      271 ± 18[1](#T1FN1){ref-type="table-fn"}       290 ± 15
  Liver weight at euthanisation, g        8.1 ± 0.6           6.1 ± 0.5                            7.5 ± 1.3     15.4 ± 2.0[1](#T1FN1){ref-type="table-fn"}    9.0 ± 0.8[1](#T1FN1){ref-type="table-fn"}      12.3 ± 1.7[1](#T1FN1){ref-type="table-fn"}
  Recected liver at PH, g                 \-                  5.2 ± 0.3                            5.0 ± 0.5     \-                                            11.2 ± 2.0[1](#T1FN1){ref-type="table-fn"}     11.4 ± 0.7[1](#T1FN1){ref-type="table-fn"}
  Hepatic regeneration ratio, %           1.0                 0.82 ± 0.08                          1.04 ± 0.17   1.0                                           0.61 ± 0.1[1](#T1FN1){ref-type="table-fn"}     0.77 ± 0.12[1](#T1FN1){ref-type="table-fn"}
  Net regeneration (g)                    \-                  3.8 ± 0.5                            4.2 ± 1.2     \-                                            5.3 ± 0.9                                      7.4 ± 1.6[1](#T1FN1){ref-type="table-fn"}
  Total protein, g                        0.83 ± 0.11         0.51 ± 0.08                          0.69 ± 0.18   1.10 ± 0.13                                   0.60 ± 0.12                                    0.90 ± 0.14
  Ki-67 Index, positive profiles, mm^2^   1.6 ± 0.6           216 ± 83.2                           27.2 ± 22.3   9.0 ± 3.2[1](#T1FN1){ref-type="table-fn"}     227.5 ± 80                                     31.7 ± 11.1
  Spleen weigth at euthanisation, g       0.64 ± 0.12         0.83 ± 0.12                          1.10 ± 0.16   1.25 ± 0.36[1](#T1FN1){ref-type="table-fn"}   1.04 ± 0.31                                    1.34 ± 0.44
  Alanine transaminase, u/L               24.1 ± 5.2          64.9 ± 9.0                           28.8 ± 13.4   79.9 ± 27.4[1](#T1FN1){ref-type="table-fn"}   130.1 ± 25.4[1](#T1FN1){ref-type="table-fn"}   45.8 ± 20.5
  ΔAlanine transaminase, u/L              \-                  41 ± 9                               5 ± 13        \-                                            50 ± 25                                        -34 ± 21[1](#T1FN1){ref-type="table-fn"}
  Albumin (g/L)                           19.0 ± 1.9          14.7 ± 1.0                           12.4 ± 1.5    15.1 ± 1.9[1](#T1FN1){ref-type="table-fn"}    12.2 ± 0.8                                     11.5 ± 2.3
  α2-macroglobulin, μg/mL                 18.1 ± 0.7          102 ± 12.6                           98.2 ± 13     22.6 ± 3.4[1](#T1FN1){ref-type="table-fn"}    157.8 ± 40[1](#T1FN1){ref-type="table-fn"}     94.5 ± 64.5
  Prothrombin-proconvertin ratio          0.32 ± 0.03         0.33 ± 0.04                          0.32 ± 0.03   0.34 ± 0.03                                   0.38 ± 0.06                                    0.33 ± 0.03

Mean ± SD,

*P* \< 0.05. NH: No-hepatectomy; PH-2: Partial hepatectomy and 2 d; PH-5: Partial hepatectomy and 5 d.

Histology
---------

All the HFCD livers showed marked steatosis (grade 3) (Figures [2](#F2){ref-type="fig"}, [3](#F3){ref-type="fig"}, [4](#F4){ref-type="fig"}). Prior to hepatectomy, steatosis was of SDMS type, however, changing to SDMS/MXMS during regeneration. None of the HFCD animals had evidence of fibrosis. According to the Kleiner criteria, nine had borderline NASH and 17 had NASH; with Bedossa criteria, 11 had NAFLD and 15 NASH (Table [2](#T2){ref-type="table"}). No morphological abnormalities were observed in the liver tissues of the control animals.

![Examples of liver histology. A and C shows Hematoxylin and Eosin; B and D shows Masson Trichome; A and B are from an animal fed the standard diet and euthanised without hepatectomy; C and D are from an animal fed the high fat high cholesterol diet and euthanised without hepatectomy.](WJH-10-8-g002){#F2}

![Examples of liver histology. A and C shows Hematoxylin and Eosin; B and D shows Masson Trichome; A and B are from an animal fed the standard diet and euthanised two days after hepatectomy; C and D are from an animal fed the high fat high cholesterol diet and euthanised two days after hepatectomy.](WJH-10-8-g003){#F3}

![Examples of liver histology. A and C shows Hematoxylin and Eosin; B and D shows Masson Trichome; A and B are from an animal fed the standard diet and euthanised five days after hepatectomy; C and D are from an animal fed the high fat high cholesterol diet and euthanised five days after hepatectomy.](WJH-10-8-g004){#F4}

###### 

Average scores of the Kleiner criteria and the final histological grading of both the Kleiner and Bedossa criteria

                                           **High fat high cholesterol diet**         
  ---------------------------------------- ------------------------------------ ----- -----
  Kleiner criteria score                                                              
  Steatosis                                3                                    3     3
  Ballooning                               0.6                                  0.7   0.5
  Inflammation                             2.7                                  1.6   0.8
  Fibrosis                                 0                                    0     0
  NAS score                                6.2                                  5.2   4.3
  Histological grading                                                                
  Borderline NASH/NASH, Kleiner criteria   1/8                                  4/5   4/4
  NAFLD/NASH, Bedossa criteria             3/6                                  4/5   4/4

NASH: Non-alcoholic steatohepatitis; NAFLD: Non-alcoholic fatty liver disease; NH: No-hepatectomy; PH-2: Partial hepatectomy and 2 d; PH-5: Partial hepatectomy and 5 d.

Liver regeneration capacity \[N(Ki-67, lobe), HRR, NET and RPR\]
----------------------------------------------------------------

At baseline, a significant difference in Ki-67 liver proliferation index was observed between STD and HFCD animals (*P* \< 0.001, Table [1](#T1){ref-type="table"}); however, there was no difference between the HFCD and STD groups at either day 2 or day 5. Peak values were seen in the PH-2 groups.

The total number of Ki-67 positive hepatocytes in the caudate lobe \[N(Ki-67, lobe)\] was significantly higher in HFCD animals at baseline (*P* \< 0.0001) and at day 5 (*P* \< 0.026), while a trend was observed at day 2 (*P* = 0.06) (Figure [5A](#F5){ref-type="fig"}).

![Total number of Ki-67 positive hepatocytes (A); regenerated protein ratio (B); Alanine transaminase (C) and Bilirubin (D). Means and standard derivation displayed. ^a^*P* \< 0.05 compared to respective standard diet group. NH: No hepatectomy; PH-2: Partiel hepatectomy and 2 d; PH-5: Partiel hepatectomy and 5 d.](WJH-10-8-g005){#F5}

The hepatectomized HFCD rats had a lower hepatic regeneration capacity as determined by HRR than the STD rats (*P* \< 0.01, all). However, Net regeneration (NET) showed no difference at day 2 and was significantly higher in HFCD animals at day 5 (*P* \< 0.018).

No differences were observed in the regeneration of hepatic protein, as determined by RPR (Figure [5B](#F5){ref-type="fig"}). The HFCD groups had a higher amount of total protein in the liver at baseline and at day 5 after PH (both *P* \< 0.03, Table [1](#T1){ref-type="table"}).

Biochemistry (ALT, Bilirubin, PP, albumin and α2M)
--------------------------------------------------

At baseline, ALT was significantly higher in the HFCD than in the STD animals (*P* \< 0.001, Figure [5C](#F5){ref-type="fig"}) whereas bilirubin was unchanged (Figure [5D](#F5){ref-type="fig"}). Peak ALT and bilirubin levels were seen two days after hepatectomy with HFCD animals having significantly higher levels than the STD group (*P* \< 0.05, Figure [5C](#F5){ref-type="fig"} and D). However, when calculating ΔALT between baseline and day two, no difference was found between HFCD and STD animals (Table [1](#T1){ref-type="table"}). Surprisingly, ALT levels were lower in the PH-5 HFCD group than in the non-hepatectomized HFCD group (*P* \< 0.001, Figure [5C](#F5){ref-type="fig"}). Bilirubin was normalized at day 5 in both the HFCD and STD groups (Figure [5D](#F5){ref-type="fig"}).

We did not find any significant differences in PP levels between the groups (Table [1](#T1){ref-type="table"}).

Plasma albumin was significantly lower in the HFCD animals (*P* \< 0.05) at baseline and at day 2 after hepatectomy (*P* \< 0.001) compared with STD animals, whereas no difference was observed at day 5 after PH. In the HFCD groups, albumin levels dropped after hepatectomy but were stable during regeneration (Table [1](#T1){ref-type="table"}).

At baseline, α2M was significantly higher in the HFCD than the STD animals (*P* \< 0.01, Table [1](#T1){ref-type="table"}). α2M increased two days after hepatectomy with HFCD animals having significantly higher values than the STD group (*P* \< 0.001, Table [1](#T1){ref-type="table"}). The PH-5 HFCD group had a α2M value similar to PH-5 STD controls (Table [1](#T1){ref-type="table"}).

mRNA expression of inflammatory genes
-------------------------------------

At baseline, the HFCD animals had increased tumor necrosis factor α (*TNF*α) and interleukin-6 (*IL6*) (Figure [6](#F6){ref-type="fig"}) gene expression when compared with STD animals, although interestingly, this difference was normalized during regeneration.

![Relative mRNA expression. A: Tumor necrosis factor α (TNFα); B: Interleukin-6 (IL-6) standardized to glyceraldehyde 3-phosphate dehydrogenase. Means and standard derivation displayed. Statistical analysis made using the ANOVA test, ^a^*P* \< 0.05 compared to respective standard diet group. NH: No hepatectomy; PH-2: Partiel hepatectomy and 2 d; PH-5: Partiel hepatectomy and 5 d.](WJH-10-8-g006){#F6}

mRNA expression of fibrogenic genes
-----------------------------------

At baseline transforming growth factor β (TGFβ), connective tissue growth factor (CTGF) and Collagen 1α1 (COL1α1) mRNA expression were significantly higher in the HFCD group. At day 2, CTGF and COL1α1 mRNA expression were significantly higher in the HFCD group, while no significant difference was found when looking at TGFβ. At day five, only TGFβ was significantly higher when comparing HFCD and STD PH-5 groups (Figure [7](#F7){ref-type="fig"}) (*P* \< 0.05).

![Relative mRNA expression. A: Transforming Growth Factor β (TGFβ); B: Connective Tissue Growth Factor (CTGF); and C: Collagen 1α1 standardized (Col1α1) to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Means and standard derivation displayed. Statistical analysis made using the ANOVA test, ^a^*P* \< 0.05 compared to respective standard diet group. NH: No hepatectomy; PH-2: Partiel hepatectomy and 2 d; PH-5: Partiel hepatectomy and 5 d.](WJH-10-8-g007){#F7}

mRNA expression of regeneration genes
-------------------------------------

At baseline, HFCD animals displayed a significantly higher mRNA expression of hepatocyte growth factor (HGF) and transforming growth factor α (TGFα), but no significant differences were seen in Proto-oncogene, tyrosine kinase (MET) and epidermal growth factor (EGF) mRNA expression. At day 2 and 5 HFCD groups had a higher expression of HGF, TGFα and EGF mRNA, while no significant difference was found when looking at MET compared with respective control groups (Figure [8](#F8){ref-type="fig"}) (*P* \< 0.05).

![Relative mRNA expression. A: Hepatocyte growth factor (HGF); B: Proto-oncogene, tyrosine kinase (MET); C: Epidermal growth factor (EGF); and D: Transforming growth factor α (TGFα), standardized to glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Means and standard derivation displayed. Statistical analysis made using the ANOVA test, ^a^*P* \< 0.05 compared to respective standard diet group. NH: No hepatectomy; PH-2: Partiel hepatectomy and 2 d; PH-5: Partiel hepatectomy and 5 d.](WJH-10-8-g008){#F8}

DISCUSSION
==========

We investigated LRC after a 70% PH in rats with HFCD-induced NASH. Surprisingly, we found a similar LRC when comparing HFCD and STD rats.

This is the first study to evaluate LRC in an HFCD-induced NASH model. Previous studies were conducted in other less suitable models. The MCD model potently induces NASH, but the rodents suffer severe weight loss and cachexia, in contrast to human NASH. In the CDD and HFD models only simple steatosis is induced\[[@B17],[@B18],[@B26],[@B38]-[@B41]\]. Similarly, leptin-deficient rodents are gene-modified and thus do not reflect the etiological features of human NAFLD/NASH\[[@B29],[@B42]\]. Our model successfully established NAFLD with significant steatosis and increased liver weight. NASH changes were present in the majority of HFCD animals with inflammation and ballooning. Prior to hepatectomy, the HFCD animals had elevated ALT levels with increased expression of genes related to inflammation and fibrogenesis, although none of the HFCD animals showed histological fibrosis. The type of steatosis changed from SDMS to SDMS/MXMS during regeneration, which might be explained by the fact that transient large fat droplet accumulation is a natural part of liver regeneration\[[@B43]\], as also seen in our STD animals.

As markers of liver injury, we observed elevated ALT and bilirubin levels two days post-hepatectomy in the HFCD groups compared with STD animals as previously found in MCD studies\[[@B9],[@B11],[@B12]\]. However, baseline ALT levels were already increased in the HFCD animals, and the relative ALT (ΔALT) increase following hepatectomy was similar in the HFCD and STD groups. A previous study using a steatosis-only HFD model found elevated ALT levels at day 1 after hepatectomy only in HFD animals compared to controls, but normal ALT levels both prior to hepatectomy and at day 3\[[@B26]\].

The Ki-67 liver proliferation index was similar between STD and HFCD animals during regeneration, however, this index does not take the larger cell size of the HFCD animals into account; which was the reason for estimating the total number of Ki-67 positive hepatocytes N(Ki-67, lobe).

N(Ki-67, lobe) was significantly higher in the HFCD animals at baseline and at day 5, with a trend on day 2. We used the same factor (1.05 g/cm^3^) for both control and HFCD groups even though we expected the density to be lower in the HFCD livers due to fat accumulation. In adipose tissue, the density is approximately 0.9 g/cm^3\[44\]^. This would probably decrease the total number of positive profiles by 5%-10% in the HFCD animals. Nonetheless, N(Ki-67, lobe) underlines the fact that the HFCD animals at the very least have a similar, if not higher, proliferative response during regeneration. Whether this is due to increased apoptosis, a delayed regenerative response or a higher regeneration remains elusive.

Other studies have reported both similar and opposing results using high-powered fields (HPF) when estimating proliferative indexes such as Ki-67. In rats fed a MCD diet for 5 wk, Veteläinen et al\[[@B12]\] found a decreased Ki-67 index at days 1, 2 and 3 after partial hepatectomy, while rats with simple steatosis after only one week of MCD diet had a normal Ki-67 index. Marsman et al\[[@B9]\] found a decreased Ki-67 index at day 1, but a normal or higher Ki-67 index between days 2 and 5 in MCD rats fed for 5 wk. Using a proliferating cell nuclear antigen (PNCA) labeling index (a marker of DNA synthesis), Tanoue et al\[[@B26]\] found normal PNCA index in HFD rats, whereas rats on a high fructose diet had a decreased PNCA index, although they had better histological scores than HFD rats. They speculated that the etiology of steatosis had more impact on the proliferative index than the degree of steatosis.

Clearly, this diversity in published results indicates that the Ki-67 index is greatly influenced by factors in the experimental design, such as the study duration, composition of the diet and not just the histopathological findings. Also, the methods of evaluation are important. By using a stereology-based design instead of semi-quantitative counting methods or counting HPF, we eliminated the selection bias of fields of view on obtained quantitative data. We sampled the whole caudate liver lobe, whereas previous studies have used single or multiple slabs from different liver lobes\[[@B9],[@B12],[@B26]\]. We believe that our stereological-based design is superior to HPF-based and semi-quantitative scoring systems since it eliminates several potential sources of error even though it is not perfectly unbiased.

Use of HRR and equivalent ratios have been widely reported in the literature of LRC in experimental NAFLD/NASH\[[@B7]-[@B10],[@B12],[@B14],[@B17],[@B18],[@B20]-[@B22],[@B24],[@B39],[@B45],[@B46]\]. However, it is clearly problematic to use this measure, as the HRR is based on weight alone. Being fed a HFCD diet after PH, the HFCD liver will continue to accumulate fat. Using the HRR to compare steatotic livers with healthy livers, one must assume that the steatotic liver regenerates the same ratio of liver- and fat tissue as it has prior to hepatectomy.

In our study, we found a decreased LRC in HFCD rats looking exclusively at HRR. Looking at NET we found similar values at day 2 but at significantly higher value in HFCD animals at day 5. Both HHR and NET are measures that might be biased by fat accumulation. When considering other variables, such as the RPR, no difference was found between the two groups and this observation supports that the HRR value could be incorrect due to fat accumulation. To our knowledge, this study is the first to address this important issue - while previous studies have tended to use the outcome of the HRR uncritically\[[@B7]-[@B10],[@B12],[@B14],[@B17],[@B18],[@B20]-[@B22],[@B24],[@B39],[@B45],[@B46]\].

Prothrombin-proconvertin ratio measures coagulation factors II, VII and X. Coagulation factors are exclusively synthesized in the liver and PP levels were therefore used as an indicator of hepatic protein synthesis. PP was not significantly affected in HFCD animals or at any time point following hepatectomy, which indicates that this specific metabolic liver function was already restored day 2 post-hepatectomy similar to findings during regeneration in healthy rats\[[@B47],[@B48]\]. In contrast, albumin was decreased at baseline and at day 2 after hepatectomy in HFCD compared with STD animals; however, this difference disappeared at day 5.

For model evaluation and hepatectomy effects on liver inflammation and fibrosis, we measured the expression of genes related to inflammation (TNFα and IL-6) and fibrogenesis (TGFβ, CTGF, COL1α1). TNFα and IL-6 levels were elevated prior to hepatectomy in the HFCD animals but no difference was observed between HFCD and STD groups after PH. Thus, it seems that the inflammatory process is on hold during regeneration.

Despite the absence of histological fibrosis, we demonstrated increased hepatic levels of pro-fibrogenic cytokines (COL1α1, CTGF and TGFβ) in HFCD animals indicating active fibrogensis although not yet visible in the histology.

We studied the pathways of MET and the epidermal growth factor receptor (EGFR), which are generally accepted as the main mitogenic pathways of liver regeneration\[[@B49]\]. MET binds it's ligand HGF, and EGFR binds several ligands, among others TGFα and EGF. Surprisingly, we did not find a decrease in the expression of the HGF/MET pathway in the HFCD animals. MET expression was unchanged and HGF expression higher at all time points in the HFCD animals compared to STD animals, which shows that this pathway is indeed not downregulated. HGF is proposed to have an anti-fibrotic effect\[[@B50]\], and we speculate that the elevation of HGF was a response to the on-going fibrogenesis in the HFCD animals. Also, we investigated the ligands for the EGFR pathway TFGα and EGF. In the HFCD groups, mRNA expression of both ligands was either higher or similar to STD groups in keeping with previous studies\[[@B51]\], indicating that this pathway is also not down-regulated.

The study has certain limitations. Liver regeneration is a process that commences immediately after liver injury and it would have been preferable to investigate liver regeneration as early as a few hours after PH as well as at day 1 after PH. Thus, early differences in HFCD animals may have been overlooked. Further, the evaluation of regeneration is compromised by the fat accumulation, which may disturb the results; however, no former study has addressed this important issue. The different measures of regeneration such as HHR, NET, RPR and N(Ki-67, lobe) are not flawless and have all limitations, but they leave the overall impression that the regenerative response in HFCD animals is at the very least, comparable to the STD animals.

In conclusion, we believe that the model and degree of NASH as well as methods of LRC evaluation are essential in understanding and evaluating LRC.

The HFCD induced significant steatosis and NASH changes along with increased expression of pro-inflammatory and pro-fibrogenic genes. However, we found that the HFCD rats had a preserved liver regeneration as assessed by total number of Ki-67 positive hepatocytes, RPR and PP, which was supported by the gene expression of growth factors during regeneration.

ARTICLE HIGHLIGHTS
==================

Research background
-------------------

Epidemiological studies showed that liver resections are associated with increased morbidity and mortality in patients with non-alcoholic fatty liver disease (NAFLD)/ non-alcoholic steatohepatitis (NASH). It has been suggested that NASH livers are more vulnerable to surgical interventions because of decreased liver regeneration capacity (LRC). LRC has been studied in different animal models of NAFLD/NASH. However, these models may have significant limitations. Some models induce NASH but with severe weight loss, while other models induce simple steatosis only, further, genetic modified models may not reflect the etiological features of human NASH. In the present study we used a high fat high cholesterol diet (HFCD) rat model, which mimic human NASH better than previous models.

Research motivation
-------------------

This is the first study of LRC in rats with NASH induced by a HFCD. Previous experimental NAFLD/NASH studies showed contradictory findings with decreased LRC or unchanged LRC, even when the same animal models were used. Clearly, the model and methods of evaluation may significantly influence the results and conclusions. For future treatment strategies of liver resections, it is important to understand whether the LRC of NAFLD/NASH livers is compromised.

Research objectives
-------------------

The aim of the present study was to evaluate LRC in rats with NASH induced by a HFCD. Authors the methods of evaluation and the chosen model of NAFLD/NASH significantly influences the results and further research on the subject should be aware of this.

Research methods
----------------

Rats were fed a high-fat, high-cholesterol diet (65% fat, 1% cholesterol) or standard diet (STD) for 16 wk. After the feeding phase 1/3 of the animals were euthanised immediately and served as a baseline reference. The remaining 2/3 of the animals underwent 70% partial hepatectomy (PH) and the hepatectomized animals were euthanised either 2 or 5 d post-PH. The degree of steatosis and the presence of NASH were evaluated by an expert liver pathologist using both the Kleiner and Bedossa criteria. LRC was evaluated using: the total number of Ki-67 positive hepatocytes in the caudate lobe, N(Ki-67, lobe) evaluated in a stereology-based design, the regenerated protein ratio (RPR), prothrombin-proconvertin ratio (PP), and mRNA expression of genes related to regeneration. The study is the first to use a stereology based design to evaluate cell proliferation. The authors believe this design superior to former methods of evaluation.

The study is also the first to address that future research should be cautious using the regenerated liver weight only to evaluate LRC. The NASH liver weight is biased by fat accumulation and when using the liver weight only one cannot account for whether the NASH liver regenerates fat- or liver tissue. Thus, we estimated the total protein concentration in the livers and used this to describe the regenerated liver mass. Biochemical tests were used as markers of liver injury. The data was analyzed using STATA. Normality of data was checked by qq-plots. For continuous variables, comparisons were made using the ANOVA test for significance. *Post-hoc* comparisons were performed by Student's *t*-test. Categorical data were analyzed using Fisher's exact test. The qPCR data exhibited skewed distributions with variance heterogeneity. Therefore, these data were analysed using the non-parametric Kruskal-Wallis one-way analysis of variance on ranks test; when significant, post-hoc tests were performed using the Mann-Whitney rank sum test.

Research results
----------------

The HFCD NASH model showed significant steatosis with ballooning and inflammation, while no fibrosis was present. Mortality was similar in HFCD and STD animals following PH. Further, HFCD animals had significantly elevated markers of liver injury after PH. HFCD animals had a higher N(Ki-67, lobe) at baseline, day 2 after PH and day 5 after PH. However, we found no significant difference in RPR or PP neither 2 or 5 d post-PH. Expression of liver regeneration genes was higher at both day 2 and 5 post-PH in HFCD groups.Authors evaluated LRC at day 2 and 5 after PH; however, it would have been interesting also to evaluate the very early stages of liver regeneration including time points as early as a few hours after PH and at day 1 after PH. Further, it would be of interest to investigate this rat model after more prolonged HFCD diet treatment when fibrosis may be more pronounced and if this decreases LRC. In addition, finding and identifying relevant new and better methods of LRC evaluation may ease the interpretation of the results.

Research conclusions
--------------------

The novel finding is that in a HFCD NASH model without fibrosis authors observed preserved LRC. The etiology and methods of evaluation is of great importance when evaluating LRC in animal models. Further, the fat accumulation in the NAFLD/NASH liver is a bias when estimating LRC and it needs to be addressed in future studies. In animal models the etiology of NAFLD/NASH and methods of evaluation is of significant importance in understanding LRC. Seemingly, NASH without fibrosis induced by a HFCD does not decrease LRC. HFCD induced NASH without fibrosis does not compromise LRC in rats following hepatectomy. HFCD induced NASH without fibrosis does not compromise LRC in rats following hepatectomy. When evaluating LRC the fat accumulation of the liver must be addressed, thus we have used both a stereological design to evaluate cell proliferation and measured the total protein concentration in the liver as a marker of regenerated liver mass. Prior to the study hypothesized LRC to be decreased, but in contrast we found a preserved LRC. It is too early to draw conclusions for clinical practice, but this study adds insight to the subject. Speculating, the reasons for increased morbidity and mortality in patients with NAFLD/ NASH following liver resections should be sought elsewhere than in decreased LRC.

Research perspectives
---------------------

Identifying and/or optimising relevant animal models of NAFLD/NASH as well as methods of evaluation for LRC. Using a pure stereological design for evaluation of cell proliferation, as this is perfectly unbiased. Using different markers LRC and being aware of the potential bias fat accumulation brings when evaluating LRC based on liver weight alone.
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